Background: Quadriceps tendon (QT) autografts are being increasingly used for anterior cruciate ligament reconstruction (ACLR). A paucity of studies exist that compare QT autografts with alternative graft options. Additionally, concerns exist regarding quadriceps recovery after graft harvest insult to the quadriceps muscle-tendon unit.
BPTB autografts may predispose patients to the risk of knee osteoarthritis at a greater rate than other autograft types. 2, 27, 36 Thus, these concerns provide a motive to continue the search for an optimal autograft.
The quadriceps tendon (QT) has been increasingly utilized as an alternative option. 33 The QT can be harvested with or without bone and offers a larger and stronger anatomic area from which to harvest the graft. 32 Anatomic studies have revealed that the QT is thicker, longer, and wider 7, 38 with higher collagen levels, contributing to greater strength of the QT compared with the patellar tendon. 10 Additionally, initial studies utilizing QT autografts have revealed decreased donor site morbidity and similar anterior knee stability when compared with BPTB autografts. 9, 16, 19 This evidence provides reason to believe that QT autografts could result in enhanced early and long-term clinical and functional outcomes. An evaluation of the extensor mechanism in cadaveric samples found that the QT after harvest can withstand greater tensile loads than the intact patellar tendon. 1 However, no study to date has quantified the effects of QT autografts on quadriceps recovery and morphology, despite the strong prediction of muscle size to strength after ACLR with other autografts. 17, 34 To improve the understanding of the effects of QT autografts on quadriceps recovery, the purpose of this study was to compare interlimb differences in neuromuscular (muscle size, strength, and activation), functional, and patientreported outcomes in patients with QT and BPTB autografts. We primarily aimed to evaluate group differences in quadriceps morphology, as harvest of the QT directly involves the knee extensor complex. Evidence has shown that quadriceps muscles selectively atrophy when evaluated before and after ACLR. 21 More specifically, the vastus medialis demonstrates severe atrophy 21 and significantly contributes to knee extensor strength. 17 Therefore, it was chosen as the primary outcome of the present study. The hypothesis was that those with QT autografts would demonstrate superior outcomes compared with BPTB autografts.
METHODS

Study Design
This was a cross-sectional study in which a convenience sample of patients identified with a history of ACLR was assessed for isokinetic and isometric knee extensor strength, central activation of the quadriceps muscle, quadriceps muscle size, gait symmetry, hop distance, and selfreported knee function. Institutional review board approval was obtained for this study.
Participants
A total of 30 patients who had undergone primary ACLR were recruited based on the following inclusion criteria: (1) 14 to 55 years of age; (2) a history of unilateral, isolated ACLR (with or without concomitant meniscal injuries) within the past 6 months to 2 years; (3) a reconstructive procedure using ipsilateral autografts harvested from either the patellar or the quadriceps tendon; (4) ACLR performed by one of the fellowship-trained orthopaedic surgeons involved in this study; and (5) informed consent from the patient or legal guardian. Exclusion criteria for the study were (1) a history of lower extremity injuries or surgery, including ACL retears and revisions, within the past 6 months; (2) multiligament reconstruction; (3) inability to walk without assistance from an orthotic, a knee brace, or another person; (4) self-reported knee arthritis that would limit range of motion at the knee joint; (5) any contraindications to magnetic resonance imaging (MRI), such as metal implants, pacemakers, and claustrophobia, among others; and (6) pregnancy.
All grafts were chosen according to surgeon and patient preference based on numerous factors, including skeletal maturity, patellar tendon length, sport-or positionspecific demands, cosmesis, and pre-existing anterior knee pain. All QT autografts were harvested without bone plugs via a minimally invasive technique, according to Slone et al. 32 All BPTB autografts were harvested with bone plugs. All femoral tunnels were created via an independent medial portal drilling technique. For QT autografts, graft fixation was achieved with suspensory fixation on the femur, while the tibial side was fixed with either adjustable loop buttons or tie-over-post screws. For BPTB autografts, the femur was fixed with either interference screws or suspensory fixation, while the tibia was fixed with interference screws.
Neuromuscular Outcome Measures
Strength. Isometric and isokinetic strength of the knee extensors of both limbs was measured on an isokinetic dynamometer (Biodex Medical Systems). Before testing, each participant underwent a period of familiarization and warm-up consisting of submaximal knee extension contractions at 25%, 50%, and 75% of their perceived maximal effort. After familiarization, 3 maximal contractions were performed with participants positioned in the dynamometer with their hips flexed to 85 and knees flexed to 90 . 22 The axis of the dynamometer was aligned with the knee joint axis of rotation, with the lever arm secured to the leg being tested proximal to the lateral malleolus. Stabilization in the dynamometer was maintained with straps across the chest, hips, and knees. Participants were asked to develop torque as hard and fast as possible, with verbal encouragement from the tester, to produce a maximal contraction lasting approximately 5 seconds, separated by a 60-second rest period. During isometric testing, a maximum voluntary isometric contraction (MVIC) was defined as the highest isometric torque achieved during a 100-millisecond epoch and normalized to body weight (NÁm/kg). Isokinetic testing of concentric knee extensor and flexor strength was also performed bilaterally via 5 repetitions at angular velocities of 60 and 180 deg/s through full range of motion and using gravity correction. 35 Peak torque occurring during the 5 trials was identified and normalized to body weight.
Central Activation. Central activation was simultaneously assessed during isometric testing. After the skin was cleaned with alcohol pads, two 7 Â 13-cm selfadhesive electrodes (Dura-Stick II; Chattanooga Group) were placed in a bipolar fashion using the vastus medialis configuration. 23 Ten-pulse train electrical stimulation was delivered during MVICs (approximately 2 seconds after the beginning of the MVIC) using a square wave stimulator (Model S88; Grass Technologies) and a stimulation isolation unit (Model SIU8T; Grass Technologies). A standard intensity of 150 V was utilized for all participants. During the submaximal isometric trials, the intensity of electrical stimulation was superimposed at 25%, 50%, and 75% of 150 V in an effort to familiarize participants with the sensation of electrical stimulation during testing. Other stimulation parameters included a 200-millisecond train of 10 stimuli, at 50 pps, with a pulse duration of 0.6 milliseconds and a 0.01-millisecond pulse delay. The stimulator and the dynamometer were interfaced with a personal computer through a commercially available hardware system (MP150; Biopac Systems). Data were sampled at 2000 Hz and analyzed using commercially available software (AcqKnowledge 4.4; Biopac Systems). Central activation was determined with the superimposed burst (SIB) technique and calculated with the following equation:
Cross-sectional Area. MRI was conducted to compare the maximal cross-sectional area (CSA) of each of the knee extensor muscles between the surgical and nonsurgical limbs of each patient. All imaging was performed at 3.0 T (Prisma; Siemens) using a large body coil. T1 axial fast spin imaging without fat saturation was performed on the bilateral thighs from the knee joint line to the proximal subtrochanteric femur (repetition time, 626 milliseconds; echo time, 10 milliseconds; echo train length, 3; 5-mm slice thickness; 0.5-mm interslice gap; 40-cm field of view; matrix, 384 Â 384; and total scan length, 36 cm). Muscle and nonmuscle tissue was readily differentiated based on the conspicuity of fat planes on T1 images, and the CSA of each of the quadriceps muscles was measured on all consecutive slices by drawing a free-hand region of interest using publicly available software (OsiriX). Once the slice with the maximal CSA was found, the respective CSA measurement was averaged with that of the 2 adjacent slices and used in data analysis. This was done for each of the quadriceps muscles. All images were analyzed by 2 evaluators blinded to the graft type and side of surgery. Interrater reliability was determined to be excellent (intraclass correlation coefficient, 0.914; 95% CI, 0.823-0.959).
Functional Outcome Measures
Spatiotemporal Gait Analysis. Participants walked over a 14 ft-long portable walking system (GAITRite; CIR Systems) for 3 trials at their self-selected walking speed. They were not permitted to use any assistive devices or braces during trials.
Step lengths for each limb were averaged by the system for each trial. The step lengths were then averaged across the 3 trials, and step length symmetry was calculated by dividing the step length of the surgical limb by that of the nonsurgical limb.
Hop Testing. Dynamic knee function was measured via hop tests (single-leg and crossover hop tests). Hop tests were conducted on the uninvolved limb first, followed by the involved limb. These tests have been determined to be safe, reliable, and valid measures of function in patients after ACLR. 24 The single-leg hop test was performed with the participant standing on one leg behind a marked starting line and performing one hop as far as possible. For the crossover hop test, the participant stood on one leg and hopped forward as far as possible 3 times while alternately crossing over a marked strip on the floor. For a trial to be considered successful, the participant must have landed on the tested limb in a controlled manner. The test was repeated if landing was not stable or if the contralateral limb touched the ground. The hop distance was measured to the nearest centimeter from the starting line to the participant's heel with a standard tape measure. Three successful trials were averaged and used in analyses.
Patient-Reported Outcome Measures
Participants completed the International Knee Documentation Committee (IKDC), 14 Lysholm, 20 and Knee injury and Osteoarthritis Outcome Score (KOOS) 25 questionnaires. Each of the 5 KOOS subscales was analyzed individually.
Statistical Approach
Sample Size Estimation. The sample size was determined a priori for a simultaneous study conducted by our team. In patients with QT autografts, we aimed to test interlimb differences in the primary outcome of CSA of the vastus medialis. This estimation was based on previous work by Thomas et al, 34 who investigated the CSA 6 months after ACLR with BPTB autografts. With an alpha level of .05, a total of 13 participants were needed to achieve 80% power and detect significant differences between limbs. An additional 2 participants were recruited to maximize attrition, totaling 15 participants. We aslo recruited 15 patients with BPTB autografts for comparison. Although we recognize that we were not sufficiently powered to determine differences between groups (see the Limitations section), these sample size numbers are comparable with other MRI studies after ACLR. 3, 37 Statistical Analysis. Neuromuscular and functional outcomes were expressed as limb symmetry indices (LSIs; percentage of the surgical limb over the nonsurgical limb). Because of the relatively small sample size, it was determined a priori that only nonparametric statistical tests were to be used for all comparisons. More specifically, the Mann-Whitney U (Wilcoxon rank-sum) test was used to compare demographic variables, LSIs, and patientreported outcomes between QT and BPTB groups. Data are reported as medians and ranges. All analyses were performed using SPSS Statistics 24 (IBM).
RESULTS
Demographic data are presented in Table 1 . There were no significant differences between the groups for any demographic variables. Both groups were considered active, as evidenced by the Tegner activity level scores ( Table 1 ). The majority of participants (67%) had returned to physical activity with no self-reported restrictions. Self-reported reasons for not returning to full physical activity included lack of time, fear, and sport participation being undesired or no longer relevant (eg, graduation from college). The QT group did have more male patients than the BPTB group, although this difference was not statistically significant (w 2 ¼ 3.59, P ¼ .058). Sex-based bias was limited by comparing interlimb differences rather than raw surgical limb values.
There were no significant differences between the groups for any neuromuscular or functional LSIs (Table 2) . Additionally, there were no significant differences between the groups for patient-reported outcomes (Table 3) .
DISCUSSION
The purpose of this study was to evaluate quadriceps recovery via neuromuscular, functional, and patient-reported outcomes in patients who had undergone ACLR with QT or BPTB autografts. The hypothesis that QT autografts would show superior outcomes was not supported by the results: LSIs of neuromuscular or functional outcomes in those with QT autografts were not significantly different from those with BPTB autografts. Additionally, patientreported outcomes were not significantly different between the groups. Based on the results of this study, surgeons should feel comfortable performing ACLR with either QT or BPTB autografts, depending on which autograft they are most familiar with.
Research on QT autografts has been steadily increasing over the past 2 decades and continues to show the QT as a viable graft option for ACLR, particularly compared with the gold-standard BPTB graft. 33 Early studies have shown promise, with the present study contributing new findings on the QT that result in similar outcomes to the BPTB autograft. 
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a Data are reported as median (range) in percentages. There were no significant differences between groups. BPTB, bonepatellar tendon-bone; CSA, cross-sectional area; LSI, limb symmetry index; MVIC, maximum voluntary isometric contraction; QT, quadriceps tendon. This is one of the first studies to describe and compare imaging and functional outcomes in patients with QT autografts. Quadriceps morphology is a critical variable to evaluate, as harvest of the QT involves direct alteration to the knee extensor complex. In the present study, LSIs of the CSAs of quadriceps muscles were not statistically different between the QT and BPTB groups. As expected and consistent with other work, 21 the LSI of the vastus medialis was most severe (>20%) compared with other quadriceps muscles, but limb symmetry was not different between the groups. The CSA of quadriceps muscles after ACLR with QT autografts has been reported in only 1 other study in which the CSA increased after eccentric strength training. 6 LSIs in that study were 82% to 84% for CSAs of quadriceps muscles, which are similar to values in our study. It should be noted, however, that comparing graft types was not the primary aim of that study. Secondary analysis of graft types (QT and hamstring tendon autografts) did not affect results. 6 Interestingly, we studied each of the quadriceps muscles and found varying amounts of limb symmetry between muscles (ie, limb symmetry in rectus muscles was higher than in vastus muscles). This certainly warrants further investigation. Although more work is needed, early results are promising: even though part of the QT has been harvested, the resultant quadriceps CSA was similar to other autograft types.
Another critical variable to evaluate was central activation, which is a measure of the proportion of the quadriceps motor neuron pool that can be volitionally activated and is a contributing factor in diminished force production after ACLR. 13 It has also been related to avoidance patterns during gait, patient-reported knee function, and quality of life. 22 Although there were no significant differences between the groups, the QT group achieved what is considered to be normal activation (!95%).
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Functional outcomes after ACLR with QT autografts have been scarcely reported in the literature. In the present study, we measured hop test performance and step length symmetry and found no differences between the groups. Tests of strength using isokinetic dynamometry have been more commonly reported. Similar to the results of the present study, Han et al 9 found no significant differences between the QT and BPTB groups for isokinetic knee extensor strength at 2-year follow-up after ACLR. Patientreported outcomes, while still scarcely reported, have been more frequently compared between QT and BPTB groups, showing similar results to those in the present study with no significant differences for Lysholm, 8 IKDC, 9, 16, 19 or KOOS scores. 19 Patients with hamstring tendon autografts were not included in the present study, but similar results have been reported when comparing hamstring tendon with QT autografts. At a 2-year postsurgical time point, there were no differences between the groups for Tegner, Lysholm, or visual analog scale scores. 26 Cavaignac et al 4 found that QT autografts showed statistically better KOOS and knee stability scores, while anterior knee pain levels and isokinetic knee strength (extensor and flexor) were similar compared with hamstring tendon autografts. Lee et al 18 also found no differences in knee extensor strength between groups but did find significantly greater knee flexor strength in the QT group. The ability to preserve knee flexor strength with QT autografts compared with hamstring tendon autografts may play a protective role in preventing reruptures of the ACL by providing increased stability at the knee joint.
Rehabilitation guidelines for patients with QT autografts are scarce. Given the current knowledge, rehabilitation should remain relatively similar to that with BPTB autografts, but there is room for improvement. Despite finding no significant differences in outcomes between the groups, patients with QT autografts still had significant deficits between limbs. Most notably, quadriceps size and strength were less in the reconstructed limb, even 10 months after surgery. Further work is needed to optimize recovery through maximizing the use of quadriceps muscles, no matter the autograft type. Because biomechanical studies have revealed that the QT autograft is stronger, 1, 10, 30 with a greater CSA, 30 than the BPTB autograft, it is possible that the quadriceps of patients with QT autografts can be pushed harder and earlier without fear of compromising the healing graft. The additional preservation of knee flexor strength 5 with QT autografts compared with hamstring tendon autografts may allow for greater knee joint stability while aggressively strengthening the quadriceps muscles earlier after surgery. Future work should focus on improving rehabilitation for patients with QT autografts to optimize quadriceps muscle outcomes and functional performance.
Limitations
This study is not without limitations. Primarily, the study design is a limitation, as we were not able to collect presurgical data or control for access and compliance to rehabilitation. This was a study of convenience sampling; therefore, the range of time since surgery is quite varied. However, all patients were at least 6 months postsurgery, and there was no significant difference between the groups for time since surgery. We recognize that a between-group difference in time since surgery of 1 month could be clinically meaningful, but because of the small sample size, we were unable to control for time since surgery in analyses. This is a limitation and will be considered in larger studies. Other limitations are not including laxity measurements, lack of 2-year follow-up, and limited data on return to sport/activity. Although not statistically different, the percentage of male and female patients in each group was not balanced. To account for this, appropriate methods were undertaken to limit sex bias in the outcome measures. These methods included comparing interlimb differences rather than raw values.
Additionally, we recognize that we were likely not sufficiently powered to detect differences between the groups. According to the data of the present study, the effect size of the vastus medialis (primary outcome variable) was calculated at 0.75 (Cohen d). At an alpha level of .05 and 80% power, we would have needed 29 participants per group to detect a statistical significance in this variable in future studies. (Note that the sample size estimation of the current study was based on between-limb differences, not between-group differences.) Effect sizes were small to moderate for isometric strength (d ¼ 0.33), isokinetic strength at 60 and 180 deg/s (d ¼ 0.38), single-leg and crossover hop tests (d ¼ 0.36 and 0.57, respectively), and step length symmetry (d ¼ 0.22), which indicate that larger sample sizes would be needed to detect significant differences between the groups. The effect size was extremely small for activation (d ¼ 0.08). Future studies should include more rigorous designs (ie, randomized controlled trials) to longitudinally assess both the early changes and long-term outcomes of the QT autograft compared with the BPTB or other autografts.
CONCLUSION
This study demonstrated that the use of QT autografts in ACLR resulted in similar neuromuscular, functional, and patient-reported outcomes compared with BPTB autografts. As the BPTB is considered the gold-standard autograft, the results of this study, in addition to previous work, provide evidence for the QT as a viable autograft option for ACLR. Further work on earlier and longer term clinical outcomes will help clinicians to feel even more confident in the use of QT autografts for ACLR.
